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ABSTRACT
Context. One of the most unusual aspects of the X-ray binary LS I +61◦303 is that at each orbit (P1 = 26.4960 ± 0.0028 d) one radio
outburst occurs whose amplitude is modulated with Plong, a long-term period of more than 4 yr. It is still not clear whether the compact
object of the system or the companion Be star is responsible for the long-term modulation.
Aims. We study here the stability of Plong. Such a stability is expected if Plong is due to periodic (P2) Doppler boosting of periodic
(P1) ejections from the accreting compact object of the system. On the contrary it is not expected if Plong is related to variations in the
mass loss of the companion Be star.
Methods. We built a database of 36.8 yr of radio observations of LS I +61◦303 covering more than 8 long-term cycles. We performed
timing and correlation analysis. We also compared the results of the analyses with the theoretical predictions for a synchrotron emitting
precessing (P2) jet periodically (P1) refilled with relativistic electrons.
Results. In addition to the two dominant features at P1 and P2, the timing analysis gives a feature at Plong = 1628 ± 48 days. The
determined value of Plong agrees with the beat of the two dominant features, i.e. Pbeat = 1/(ν1 − ν2) = 1626 ± 68 d. Lomb-Scargle
results of radio data and model data compare very well. The correlation coefficient of the radio data oscillates at multiples of Pbeat, as
does the correlation coefficient of the model data.
Conclusions. Cycles in varying Be stars change in length and disappear after 2-3 cycles following the well-studied case of the binary
system ζ Tau. On the contrary, in LS I +61◦303 the long-term period is quite stable and repeats itself over the available 8 cycles. The
long-term modulation in LS I +61◦303 accurately reflects the beat of periodical Doppler boosting (induced by precession) with the
periodicity of the ejecta. The peak of the long-term modulation occurs at the coincidence of the maximum number of ejected particles
with the maximum Doppler boosting of their emission; this coincidence occurs every 1
ν1−ν2 and creates the long-term modulation
observed in LS I +61◦303.
Key words. Radio continuum: stars - Stars: jets - Galaxies: jets - X-rays: binaries - X-rays: individual (LS I +61◦303 ) - Gamma-rays:
stars
1. Introduction
The system LS I +61◦303, which has an orbital period P1 =
26.4960 ± 0.0028 days (Gregory 2002), is composed of a com-
pact object and a massive star; the star has an optical spectrum
typical of a rapidly rotating B0 V star with a decretion disc
(Casares et al. 2005). At each orbit one radio outburst occurs
whose amplitude is modulated with a long-term period Plong of
1605−1667 d (Marti & Paredes 1995; Gregory 2002). In this
paper we study the origin of the long-term modulation. If it is
attributable to periodic Doppler boosting effects, due to the pre-
cession of a jet associated with the compact object (Massi &
Torricelli-Ciamponi 2014), then the long-term modulation has a
stable periodicity. If it is attributable to an identical variation in
the mass loss of the Be star (Gregory & Neish 2002), then the
long-term modulation is rather unstable as it is in variable Be
stars (Rivinius et al. 2013).
After examining the relationship between the long-term
modulation and the period of the radio outburst (Sect. 2), we
describe the precessing model (Sect. 3) and cyclic variability in
Be stars (Sect. 4). In Sect. 5 we perform a timing and a corre-
lation analysis on a radio data base of 36.8 yr, that covers more
than 8 cycles of the long-term modulation. Finally, in Sect. 6 we
discuss the implications of our results.
2. Relationship between the long-term modulation
and the period of the radio outburst
In this section we analyse the relationship between the long-term
period Plong and the radio outburst period Paverage. Their relation-
ship, as shown below, is their mutual connection to the intrinsic
periodicities of the system LS I +61◦303, i.e. to the orbital pe-
riod P1 and to the precession P2 of the jet.
2.1. Period of radio outbursts Paverage
The long-term periodicity Plong in LS I +61◦303 is a phe-
nomenon affecting not only the amplitude of the radio outburst,
but also its position along the orbit (Paredes et al. 1990; Gregory
1999, 2002). The variation in the position of the outburst along
the orbit, i.e. the orbital phase shift, depends on the timing resid-
ual between the orbital period P1 and the actual occurrence of
the radio outburst. The radio outburst occurs nearly but not ex-
actly at P1. Gregory (1999) showed that when radio outbursts
are predicted to occur with P1 then there are timing residuals
of up to several days that follow a sawtooth trend with period
Plong. The same phenomenon has been analysed in terms of or-
bital phase shift by Paredes et al. (1990). An example is given
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in Fig. 1. The top panel shows one outburst before the maximum
of the long-term modulation at 49418 MJD (red), one outburst
during the maximum at 49980 MJD (black), and one outburst
towards the minimum at 50594 MJD (blue). In Fig. 1-centre we
plot the three outbursts as function of the orbital phase Φ,
Φ(P1) =
(t − t0)
P1
− int
[ (t − t0)
P1
]
, (1)
where t0=43366.275 MJD (Gregory 2002). The figure shows
that the first outburst peaks at phase Φ(P1) ∼ 0.5, whereas the
second outburst is shifted at Φ ∼ 0.6, and the third at Φ ∼ 0.8.
As can be seen in both Fig. 1-top and centre, there is a vari-
ation in the amplitude of the outburst at the same time as the
orbital phase shift. The period of the amplitude modulation and
the period of the sawtooth function are the same (Gregory 1999,
2002), so clearly the origin of the two phenomena are also the
same. Why is there an orbital phase shift? or better, Why is
there a timing residual with respect to the orbital period P1?
A saw-tooth function in the residuals is indicative of a system-
atic error, otherwise residuals should be randomly distributed.
An intuitive answer is that P1 is not the periodicity of the ra-
dio outburst. The first group to notice that the radio outburst
periodicity is not equal to the orbital periodicity is Ray et al.
(1997). In 1997 they reported a period for the radio outburst of
26.69 ± 0.02 d and discuss how their best estimate of the period
is significantly different (9σ) from the best previously published
value of 26.496 ± 0.008 d (Taylor & Gregory 1984). Based on
the analysis of 6.5 years of Green Bank Interferometer (GBI) ra-
dio data, the period of Paverage = 26.704 ± 0.004 d for the radio
outbursts in LS I +61◦303 has been confirmed, and noise-limited
timing residuals between radio outbursts and predicted outbursts
at Paverage have been determined (Jaron & Massi 2013). The bot-
tom panel of Fig. 1 shows that the three outbursts at the three dif-
ferent epochs all occur at the same Φ(Paverage). The reason why
the outburst period is called Paverage is explained in the following
section.
2.2. Beat between P1 and P2
Another peculiarity of the radio emission from this system is the
variability of its morphology. Radio images at high angular res-
olution show an elongated feature that changes from a double-
sided to a one-sided morphology and that continuosly changes
position angle as well. A precession period of 27–28 d was es-
timated by VLBA astrometry (Massi et al. 2012). The observed
flux density (S o) of a synchrotron source is the intrinsic flux den-
sity (S i) times the Doppler boosting factor (DB), which depends
on the ejection angle. A periodic change in ejection angle of a ra-
dio emitting source, because of precession, changes the Doppler
factor periodically; as a consequence, a periodicity should be ob-
served in the flux density. Timing analysis of GBI radio data has
revealed two periods (Massi & Jaron 2013), the already known
orbital period P1 = 26.49 ± 0.07 d (ν1 = 0.03775 d−1) and a
new period P2 = 26.92 ± 0.07 d (ν2 = 0.03715 d−1) consistent
with the precessional period of 27–28 d indicated by the VLBA
astrometry (Massi et al. 2012). The orbital period can result in
a timing analysis if there is a periodical variation in the intrin-
sic flux density (S i). The hypothesis that the compact object in
LS I +61◦303, which accretes material from the Be wind, under-
goes a periodical (P1) increase in the accretion rate M˙ at a par-
ticular orbital phase along an eccentric orbit has been suggested
and developed by several authors (Taylor et al. 1992; Marti &
Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007).
 50
 100
 150
 200
 250
 300
 350
 49400  49600  49800  50000  50200  50400  50600
F
l
u
x
 
d
e
n
s
i
t
y
 
(
m
J
y
)
MJD
 0
 50
 100
 150
 200
 250
 300
 350
 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
F
l
u
x
 
d
e
n
s
i
t
y
 
(
m
J
y
)
Φ(P1)
49418 MJD
49980 MJD
50594 MJD
 0
 50
 100
 150
 200
 250
 300
 350
 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
F
l
u
x
 
d
e
n
s
i
t
y
 
(
m
J
y
)
Φ(Paverage)
49418 MJD
49980 MJD
50594 MJD
Fig. 1. Orbital phase shift in LS I +61◦303. Top: consecutive
radio outbursts in LS I +61◦303. Three outbursts are indicated:
one before the maximum of the long-term modulation, one at
the maximum, one towards the minimum. Centre: the radio light
curves are folded with the orbital phase Φ(P1). The outburst does
not follow the orbital periodicity and shifts at different epochs to
different orbital phases. Bottom: the same light curves are here
folded with Paverage, the periodicity of the radio outburst (Jaron
& Massi 2013).
Recently, the presence of P1 and P2 have been confirmed as sta-
ble features in more recent Fermi-LAT and OVRO monitorings
of the GeV gamma-ray emission (Jaron & Massi 2014) and of
the radio emission (Massi et al. 2015), respectively.
The aim of the timing analysis was to obtain a better determi-
nation of the precessional period, but there was an additional and
totally unexpected result: when combining ν1 and ν2 one obtains
Paverage = 2ν1+ν2 = 26.70±0.05 d and Pbeat = 1ν1−ν2 = 1667±393 d
(Massi & Jaron 2013). In other words, the beat of P1 and P2
creates Pbeat (i.e. Plong) that modulates their average Paverage.
LS I +61◦303 seems to be one more case in astronomy of a
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Fig. 2. Radio data of LS I +61◦303 at 5, 8, 10, and 15 GHz from the literature. At the top x-axis are cycles of the long-term
modulation, i.e. t − t0/1626 (see Sect. 4). The archive covers more than 8 cycles.
“beat”. The first astronomical case was a class of Cepheids,
afterwards called Beat-Cepheids (Oosterhoff 1957). This phe-
nomenon occurs when two physical processes create stable vari-
ations of nearly equal frequencies (ν1,ν2). The very small differ-
ence in frequency creates a long term variation (ν1 − ν2) modu-
lating their average (ν1 + ν2)/2.
3. Precessing jet model
In our previous paper (Massi & Torricelli-Ciamponi 2014), we
linked the two periodicities P1 and P2 to two physical processes:
the periodic (P1) increase of relativistic electrons in a conical
jet due to M˙ variations and the periodic (P2) Doppler boosting
of the emitted radiation by relativistic electrons due to jet pre-
cession. We have shown that the synchrotron emission of such
a jet, calculated and fitted to the GBI observations, reproduces
both the long-term modulation and the orbital phase shift of the
radio outburst (Massi & Torricelli-Ciamponi 2014). The peak
of the long-term modulation occurs when the jet electron den-
sity is around its maximum and the approaching jet forms the
smallest possible angle with the line of sight. This coincidence
of the maximum number of emitting particles and the maximum
Doppler boosting of their emission occurs every 1
ν1−ν2 and cre-
ates the long-term modulation observed in LS I +61◦303. In this
context, if no significant variations in P1 and P2 occur in the
time interval under examination, then in that interval the long-
term modulation remains stable.
4. Cyclic variability in the disc of some Be stars
The known long-term variability in Be stars is that of the violet-
to-red cycles (V/R variations) in which the two peaks of the
emission lines vary in height against each other. The variations
correspond to an evolution of the disc itself where the disc un-
dergoes a global one-armed oscillation instability that manifests
itself in the V/R variability. This instability (progressing density
wave) may eventually lead to the disruption of the disc, which
after years or decades fills again (Grudzinska et al. 2015, and
reference therein), and to cycle lengths that are not constant but
vary from cycle to cycle (Rivinius et al. 2013, and references
therein). We examine in detail the well-studied case of ζ Tau,
which is also a Be star in a binary system. Over the last 100
years ζ Tau has gone through active stages characterized by pro-
nounced long-term variations and quiet stages. From 1920 to
about 1950 there were no variations. A very clear variability
started afterwards and lasted until 1980 with 2 cycles of 2290
days and 1290 days. From 1980 to 1990 the star was again sta-
ble. Around 1990 the disc again entered into an active stage and
3 consecutive cycles of 1419 d, 1527 d, and 1230 d were de-
termined (Sˇtefl et al. 2009, and references therein). In this con-
text, radio variations induced by variations in the Be disc are
predicted to be rather unstable, i.e. to have cycles of different
lengths and, at some epochs, to disappear.
5. Radio data base of LS I +61◦303
We collected data of LS I +61◦303 from the literature at 5, 8, 10,
and 15 GHz (see Appendix) covering the interval 43367 MJD −
56795 MJD, i.e. 36.8 yr. To date, this is the largest archive on
LS I +61◦303. The data are shown in Figure 2. The top x-axis
shows the number of cycles for a long-term period of 1626 d (see
below): the data set covers 8 long-term cycles. In Fig. 3 we show
the data overlapped with our physical model of the precessing
jet assuming the same sampling and ν = 8 GHz. Our model was
3
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fitted previously (Massi & Torricelli-Ciamponi 2014) on 6.7 yr
of radio data (49380 MJD - 51823 MJD). As we show in Fig. 3,
the model also reproduces well 36.8 yr of data.
In order to search for possible periodicities we used the
Lomb-Scargle method, which is very efficient on irregularly
sampled data (Lomb 1976; Scargle 1982). We use the algo-
rithms of the UK Starlink software package, PERIOD (http:
//www.starlink.rl.ac.uk/). The statistical significance of a
period is calculated in PERIOD following the method of Fisher
randomization as outlined in Linnel Nemec & Nemec (1985).
One thousand randomized time series are formed and the peri-
odograms are calculated. The proportion of permutations in a
given frequency window that give a peak power higher than that
of the original time series provides an estimate of p, the proba-
bility that there is no such periodic component. A derived period
is considered significant for p < 0.01 and marginally significant
for 0.01 < p < 0.10 (Linnel Nemec & Nemec 1985).
The spectrum is shown in Fig.4. We have two dominant fea-
tures at P1 = 26.496±0.013 d and P2 = 26.935±0.013 d, evident
in the zoom in the upper right panel. Period P1 coincides with
the orbital period (Gregory 2002) and period P2 with the pre-
cession period (Massi & Jaron 2013; Massi et al. 2015). In the
spectrum there is a third feature at Plong = 1628 ± 49 d. For all
periods the randomization test gives 0.00 < p < 0.01. It is inter-
esting to compare this spectrum with that of the model shown in
Fig. 4-right. Periods P1, P2, and Plong are all there. Period Plong
shows two side lobes at 1265 d and at 2335 d; the small feature
to the right of Plong in Fig. 4-left corresponds to 2335 d.
By comparing the light curves in Fig. 3 and the spectra, i.e.
Fig. 4-left with Fig. 4-right, it is clear that the precessing jet
model able to reproduce the light curve of 36.8 yr of radio data of
LS I +61◦303 also reproduces well its Lomb-Scargle spectrum.
The most important result from the analysis of the largest archive
of data available until now on LS I +61◦303 is that it is evident
for the first time that Plong is not a main characteristic of the
Lomb-Scargle spectrum; the main characteristics are P1 and P2.
We can compute the beating of the found P1 and P2 and check
how Pbeat compares with Plong. The result is Pbeat = (P1P2)/(P2−
P1) = 1626 ± 68 d, clearly in agreement with Plong = 1628 ± 49
d.
How stable is the found Plong over the 8 cycles? This is
the fundamental question of this work. A powerful method for
studying the stability of a periodic signal over time is its auto-
correlation. If a period is stable the correlation coefficient should
appear as an oscillatory sequence with peaks at multiples of that
period. We first examine the correlation coefficient for model
data. The result is shown in Fig. 5-right. In the Lomb-Scargle
spectrum, Plong– given by the beating of P1 and P2 – is a minor
feature; however, it becomes apparent in the plot of the corre-
lation coefficient. We draw lines at multiples of Pbeat = 1626.
Since P1 and P2 are constant in our model, it is clear that the
model predicts a stable repetition of their beating frequency. We
now compare the correlation of model data with the correlation
of the observations. The correlation coefficient is shown in Fig.
5-left. Except for a slight drop in the correlation in the first cy-
cles, the correlation coefficient of LS I +61◦303 observations
compares well with the correlation coefficient of the model data.
The small drop in correlation is likely attributable to the data at
5 GHz present in the first 3.7 cycles (see Appendix). The scatter-
ing of the correlation coefficient around cycle 6 is due to the lack
of data around that cycle (see Fig. 2); scattering is also present
in the correlation of model data (Fig. 5-right).
6. Discussion and conclusions
We built a radio archive of 36.8 yr for the source
LS I +61◦303 and performed timing and correlation analysis.
Our conclusions are the following:
1. In the system LS I +61◦303 a periodic radio outburst is
observed of Paverage = 26.704 ± 0.004 d modulated by
a long-term period of 1628 ± 49 d. However, the Lomb-
Scargle spectrum is dominated by two other periodicities,
P1 = 26.496 ± 0.013 d and P2 = 26.935 ± 0.013 d, and
the observed periodicities Paverage and Plong are equal to the
beat of P1 and P2.
2. Synchrotron emission from a precessing jet model, with pre-
cession period P2, regularly (with period P1) refilled with
relativistic electrons, reproduces the observed 36.8 yr light
curve of LS I +61◦303 and also its Lomb-Scargle spectrum.
3. The correlation coefficient of the observations shows a reg-
ular oscillation, as does the correlation coefficient of the
model data with peaks at multiple of Plong.
The period Plong = 1628±49 d is stable over 8 cycles. This is
not what is expected from Be wind variations, which are rather
unstable and change from cycle to cycle or even disappear. A
stable Plong is what is expected for a beat of periods P1 (orbital
period) and P2 (precession) with no significant variations dur-
ing the 8 examined cycles. The peak of the long-term modula-
tion occurs when the jet electron density is around its maximum
and the approaching jet forms the smallest possible angle with
the line of sight. This coincidence of the maximum number of
emitting particles and the maximum Doppler boosting of their
emission occurs every 1
ν1−ν2 and creates the long-term modula-
tion observed in the radio emission of LS I +61◦303.
Finally, periods P1 and P2 have also been determined in
the Lomb-Scargle spectrum of gamma-ray emission at apastron
of Fermi-LAT data (Jaron & Massi 2014). Moreover, Paredes-
Fortuny et al. (2015) discovered that the orbital phase shift also
affects the variations in the equivalent width (EW) of the Hα
emission line from LS I +61◦303. The orbital phase shift (Sect.
2.1) suggests that Paverage is the true period for the EW varia-
tions. The EW variations show a long-term modulation as well
(Zamanov et al. 2013). The presence of both long-term period
and Paverage, as well as the direct detection of P1 and P2, indi-
cates therefore that the precessing jet also induces variations in
EW(Hα) and gamma-ray emission.
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Appendix A: Selection of frequencies for the radio
data base
We selected from the literature data at 5, 8, 10, and 15 GHz.
To reduce inhomogeneities in the archive, we excluded frequen-
cies lower than 5 GHz because of the high flux that the ‘second
peak’ can have at low frequency. The periodic radio outburst in
LS I +61◦303 is in fact not a simple, one-peak outburst. It may
have a rather complex structure, mainly dominated by two con-
secutive peaks. These two peaks are 5-8 days apart and have
different spectral characteristics; the first peak has a flat/inverted
spectrum and the second outburst is optically thin, i.e. it dom-
inates at low frequencies. At 8 GHz the second peak is often
a minor peak, hardly traceable; instead, simultaneous observa-
tions at 2 GHz show a strong second peak, even larger at some
epochs than the first peak (Massi & Kaufman Bernado´ 2009;
Massi 2014; Zimmermann et al. 2015).
We included data at 5 GHz to be able to cover the first cy-
cles. However, at this frequency the second peak still seems to be
significant and biases the correlation analysis slightly. The small
drop in correlation coefficient from 1 to 0.7−0.8 (Fig.5-left) is
likely attributable to the second peak at 5 GHz; for example in
Table 1 in Taylor & Gregory (1982), a second peak of 91 ± 9mJy
can be seen at 2444106.95 JD following the first peak (six days
earlier) of 100 ± 10 mJy.
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